Classically, monocular deprivation leaves all layers of visual cortex dominated by the non-deprived eye. Unexpectedly, the changes first appear in the outer layers, not the central input layer. Do thalamocortical and corticocortical synapses differ in their plasticity and could the outer layers drive input plasticity?
Binocular plasticity in developing visual cortex has been one of the key paradigms in developmental neuroscience. The discovery by Wiesel and Hubel that early deprivation of vision in one eye altered the representation of the two eyes in the cortex led to a plethora of experiments designed to reveal the underlying mechanisms and operational characteristics of the process. In normal visual cortex, most neurons respond to visual stimulation in either eye. Input from the two eyes is relayed via the thalamus to layer IV of the visual cortex, and thence to the other five cortical layers. After prolonged monocular deprivation, however, the response of neurons in all cortical layers is dominated by the non-deprived eye. This physiological change is associated with anatomical changes in layer IV: the terminals of thalamic axons connected to the deprived eye shrink, whereas those connected to the non-deprived eye expand. These dramatic changes are seen only if monocular deprivation occurs relatively early in development -there is a sensitive period for binocular plasticity.
A common assumption is that the functional development of cortex, and hence plasticity, proceeds in an 'inside-out' manner -that is, changes begin at the thalamocortical connections in layer IV, and subsequently spread into the surrounding cortical layers (I,II,III,V and VI). For instance, orientation-tuned neurons emerge first in layer IV and tend to be monocular [1] . In vitro slice studies of both visual and somatosensory cortex have revealed that, while immature thalamocortical synapses do display plasticityboth long-term potentiation, LTP, and depression, LTD -corticocortical synapses in the outer layers remain plastic for much longer [2, 3] . Interestingly, the sensitive period for binocular plasticity is longer in the outer layers of visual cortex and can be modulated by dark rearing, as found also for in vitro plasticity [2, 4] . Thus, a recent study by Trachtenberg et al. [5] , which shows that the effects of brief monocular deprivation are first seen in the outer layers of visual cortex, raises some unexpected questions.
In an elegantly designed experiment, Trachtenberg et al. [5] first used optical imaging to map the cortical representations of the two eyes in normal kittens and in kittens that had received 24 hours of monocular deprivation. This short period of deprivation significantly shifts the balance of binocularity, but does not leave cortex totally dominated by the non-deprived eye. For normal animals, the imaging reveals ocular dominance stripes -regions of cortex in which activity is biased towards input from either the left or the right eye. Even within one stripe, the ocular bias is not uniform; regularly spaced 'islands', where the A cartoon of the representation of the two eyes across the cortical surface, based on the optical imaging experiments of Trachtenberg et al. [5] . Cortical regions dominated by input from just one eye are depicted in either blue or yellow. The greater the degree of binocular balance, the closer the colour code comes to green. (a) The pattern in normal animals, 28-35 days of age. Most of the cortex is activated binocularly, but two ocular dominance bands can be seen running across cortex; in these bands the balance of activity is towards one eye or the other. Within each band, however, there are regularly spaced islands of strong monocular dominance. Overall, normal cortex at this age is equally influenced by the two eyes. (b) The pattern after 24 hours of monocular deprivation. The overall balance of activity has shifted dramatically to the non-deprived eye (activity through this eye is encoded in blue). Some activity can be elicited through the deprived eye, as seen in the isolated yellow islands. The black crosses in both panels indicate typical locations of surface normal electrode penetrations. These are used to examine the laminar distribution of ocularity. They have been positioned equidistant from the monocular islands to minimise any intrinsic bias towards one eye or the other. Dispatch R349 monocular bias is greatest, are found ( Figure 1a ). The consequence of brief monocular deprivation is to dramatically reduce the representation of the deprived eye just to the islands of monocularity, which are isolated in a sea of cortex dominated by the open eye (Figure 1b) . Trachtenberg et al. [5] went on to use electrophysiology to investigate how neurons in different cortical layers are affected by brief monocular deprivation. The optical imaging maps, however, make it obvious that the degree of binocular plasticity varies with cortical location. By placing the microelectrodes in cortex equidistant from the islands of monocularity (as indicated by the crosses in Figure 1a ,b), they were able to focus on what were, initially, the most binocular regions of the visual cortex.
Recordings from normal animals confirmed a high level of binocularity. Trachtenberg et al. [5] found, on moving their electrode down through the cortical laminae, that neurons in all layers are clearly influenced by both eyes, and that, for most neurons, the influence is fairly well balanced. In Figure 2a -c, green shading indicates closely balanced input from the two eyes, and blue or yellow monocular dominance from the left or right eye, respectively. In monocularly deprived animals, recordings from neurons in the upper cortical layers were seen to be dominated by input from the open eye (blue shading in Figure 2d ). As expected from the optical imaging, there has been a significant shift in ocularity. A similar shift was also found in the deep cortical layers (Figure 2f ). But neurons in layer IV showed little or no plasticity: the distribution of ocularity after brief monocular deprivation was found to be no different from normal (compare Figure 2b and Figure 2d ). This lack of binocular plasticity in layer IV following brief monocular deprivation was robust across animals and penetrations.
Brief monocular deprivation at the height of the sensitive period thus appears to have little effect on thalamocortical connectivity, but significantly alters corticocortical connectivity, as assessed by single unit activity. These results confirm the earlier work of Kossut and her colleagues [6, 7] on the effects of brief monocular deprivation, which used 2-deoxyglucose autoradiography and current source density analysis: both techniques showed greater plasticity outside layer IV than inside. What are the implications of these observations? The findings raise some intriguing questions about the intrinsic plasticity of thalamocortical and corticocortical synapses, and the mechanisms of cortical binocular plasticity.
Is there any reason to think that thalamocortical and corticocortical connections are intrinsically different in their potential for plasticity? In the mature visual cortex, thalamocortical synaptic input to layer IV neurons is both larger and less variable than corticocortical input [8] . Although both thalamocortical and corticocortical connections can display LTP and LTD in slice preparations of developing cortex, only connections in the upper layers retain this plasticity into adulthood [2, 3] . For in vitro induction of LTD in layer IV of juvenile visual cortex, however, blockers of inhibitory neurotransmission mediated by γ-amino butyric acid (GABA) were found to be required; this may reflect the high level of GABA receptors in layer IV [9] . Finally, there is the question of the sensitive period for thalamocortical synapse plasticity. In the work of Trachtenberg et al. [5] , the monocular deprivation took place at the height of the sensitive period, as defined by studies pooling A graphical representation of the balance of ocularity in different cortical layers in normal (a-c) and monocularly deprived (d-f) animals, derived from the electrophysiological data of Trachtenberg et al. [5] . The electrode passed surface-normal first through the upper layers II and III (a,d), then through the central, input layer IV (b,e) and finally through the lower cortical layers V and VI (c,f). As in Figure 1 , the convention is that data from neurons exclusively activated by one eye or the other are shown in either blue or yellow; data from neurons with equally balanced input from the two eyes are indicated in green. Intermediate shades give results from neurons in which the input from the two eyes is unbalanced to a greater or lesser degree. Each panel gives the percentage of neurons recorded in given layers that fall into the different ocularity groups. In (d-f), yellow indicates the influence of the deprived eye and blue that of the non-deprived eye (as indicated beneath each graph).
results from all cortical layers [10] . Is it possible that functional thalamocortical plasticity peaks earlier?
At first sight, the consequences of brief monocular deprivation observed by Trachtenberg et al. [5] are somewhat paradoxical. In a region of visual cortex in which layer IV neurons are binocular, the neurons in the outer layers of the same column, activated themselves by the layer IV neurons, are in fact monocular. How has the input from the deprived eye been lost? This result is only paradoxical on the assumption that the relay of information is strictly orthogonal to the cortical layers, and this is known not to be the case. For instance, widespread horizontal connections are found in the upper cortical layers. These connections are thought to play an important role in the plasticity seen in adult cortex: could they play a role here?
In such a scenario, the rapid spread of the non-deprived eye's dominance in the upper layers would be mediated through increased driving by horizontal connections associated with that eye. Changes in the balance of horizontal and vertical connectivities in visual cortex following monocular deprivation have yet to be explored, but such changes have been seen in somatosensory cortex. In a study published last year, Finnerty et al. [11] looked at the consequences of sensory deprivation for the whisker barrel cortex of young mice. They concluded that the vertical pathway from layer IV to the upper layers was strengthened in non-deprived regions of cortex, as was the horizontal input from non-deprived to deprived cortex, whereas the horizontal input from deprived to nondeprived input was weakened. The balance between horizontal and vertical connections may be just as important in developmental plasticity as in adult plasticity.
Of course, monocular deprivation does produce plasticity at the thalamocortical level: for instance, deprivation for as short a period as four days causes the terminals of thalamic axons connected to the deprived eye to shrink. Is this plasticity simply slower and independent of that in the outer layers, or could it be, as Trachtenberg et al. [5] speculate, that plasticity in the outer cortical layers directs that in layer IV? How the latter might occur clearly calls for experimental investigation. But it is worth remembering that one of the outer layers, layer VI, provides a major excitatory input to layer IV [12] . This input can modulate thalamic transmission in the adult [13, 14] -might it play a comparable role in development? So almost forty years after the first description of binocular plasticity in the visual cortex, the paradigm continues to yield surprises. Not only is there debate about the necessity for interocular competition [15] , but there is now uncertainty about which cortical synapses drive the process. Despite this, the combination of results from careful whole-animal work, from in vitro slices and from molecular approaches promises a much more integrated view.
